The transcription factor ScRpn4 coordinates the expression of Saccharomyces cerevisiae proteasomal genes. ScRpn4 orthologues are found in a number of other Saccharomycetes yeasts. Their functions, however, have not yet been characterised experimentally in vivo. We expressed the Debaryomyces hansenii DEHA2D12848 gene encoding an ScRpn4 orthologue (DhRpn4), in an S. cerevisiae strain lacking RPN4. We showed that DhRpn4 activates transcription of proteasomal genes using ScRpn4 binding site and provides resistance to various stresses. The 43-238 aa segment of DhRpn4 contains an unique portable transactivation domain. Similar to the ScRpn4 N-terminus, this domain lacks a compact structure. Moreover, upon overexpression in D. hansenii, DhRpn4 upregulates protesomal genes. Thus, we show that DhRpn4 is the activator for proteasomal genes.
INTRODUCTION
The 26S proteasome is an ATP-dependent, self-compartmentalised protease complex that consists of a 20S core particle capped by a 19S regulatory particle (Glickman and Ciechanover 2002; Bar-Nun and Glickman 2012; Lander et al. 2012) . Proteasome substrates include regulatory proteins, transcription factors, components of signal transduction pathways and proteins that have aberrant structures (Glickman and Ciechanover 2002) . Therefore, proteasomes may control various basic cellular processes under both normal and stress conditions. Proteasome abundance is regulated by a negative feedback circuit. In Saccharomyces cerevisiae, the Rpn4 transcription factor (ScRpn4) and an extremely short-lived proteasome substrate (Xie and Varshavsky 2001) control expression of proteasomal genes by interacting with PACE (proteasome-associated control element, 5 -GGTGGCAAA-3 ) (Mannhaupt et al. 1999; Kapranov et al. 2001) . ScRpn4 also regulates numerous other genes, including genes that function during stress responses. Consistently, SCRPN4 deletion sensitises yeast to various stress conditions (Owsianik, Balzil and Ghislain 2002; London et al. 2004; Teixeira et al. 2008; Wang et al. 2008; Karpov et al. 2013) .
Saccharomyces cerevisiae belongs to a large and diverse class of Saccharomycetes. This class is enriched in species that play important roles in the food industry (e.g. Debaryomyces hansenii), biotechnology (e.g. Yarrowia lipolytica, Komagataella phaffii) and medicine (e.g. Candida abicans, C. glabrata). Based on bioinformatic analysis results, Mannhaupt and Feldmann (2007) suggested that only Saccharomycetes yeasts have systems coordinating proteasomal gene expression similar to ScRpn4-PACE. Some experimental data show that ScRpn4-like proteins can bind PACE in vitro (Gasch et al. 2004) and that their gene expression levels increase under stress conditions (Enjalbert et al. 2006; Vermitsky et al. 2006) . Currently, however, no studies have been reported investigating the ability of ScRpn4-like proteins to regulate the transcription of proteasomal genes or provide stress resistance. We used S. cerevisiae for the heterologous expression of the DEHA2D12848 gene of D. hansenii (designated as DHRPN4) encoding a putative ScRpn4 orthologue. We investigated whether DHRPN4 complements Better write SCRPN4 deletion and performed its deletion analysis. Additionally, we studied the effect of DhRpn4 overexpression on mRNA levels of D. hansenii proteasomal genes.
MATERIALS AND METHODS

Yeast strains
We used the following Saccharomyces cerevisiae strains: BY4742 ('Euroscarf', Germany), rpn4-(BY4742 YDL020c::kanMX4; 'Euroscarf', Germany), YPL (BY4742 derivative in which PACE is substituted with a PstI site in the PRE1 promoter (Karpov et al. 2013)) and Debaryomyces hansenii DBH9 (Minhas, Biswas and Mondal 2009) (Table S1 , Supporting Information).
Yeast transformation
Saccharomyces cerevisiae strains were transformed by standard method with lithium acetate, single-stranded carrier DNA and polyethylene glycol (Gietz et al. 1992) . Debaryomyces hansenii strain DBH9 was transformed by electroporation as described in Minhas, Biswas and Mondal (2009) .
Stress resistance test
Overnight yeast cultures were diluted to a starting OD600 = 1. Then, 10-fold serial dilutions in sterile water were prepared and spotted on agar plates with stress agents added at the indicated concentrations. In the control, no stress agents were added.
Plates were grown at 30
• C for 3-5 days. The colony formation rate was used as an estimation of stress resistance.
Real-time PCR
The mRNA levels of proteasomal and DNA repair genes were estimated relative to the ACT1 expression level using real-time PCR with SYBR Green I as previously described (Karpov, Tutyaeva and Karpov 2008) . Same protocol was used to quantify expression level of D. hansenii proteasomal genes relative to DHACT1. The primers are listed in Table S2 (Supporting Information). Primers were designed using the Mfold Web Server (Zuker 2003) .
DamID assay
Activity of Dam methylase fused to DhRpn4 was measured in rpn4-strain as previously described (Spasskaya, Karpov and Karpov 2011; Karpov et al. 2013) 
Western blot analysis
Cells were lysed by vortexing with glass beads (Sigma-Aldrich, St. Louis, US) in a 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA buffer. Cell lysates were clarified by centrifugation at 16 000 × g for 5 min. Supernatants were mixed with protein loading buffer and heated at 100
• C for 10 min. After separation in 7% PAAG, the proteins were transferred onto a nitrocellulose membrane. The membrane was incubated in primary mouse anti-ubiquitin antibody (1:3000, Ebioscience, San Diego, USA) and then in secondary anti-mouse antibody (1:10 000, Jackson Immunoresearch Laboratories, West Grove, USA). The membrane was then incubated in ECL reagents (GE Healthcare Life Sciences, Piscataway, NJ) and developed using Kodak film. α-Actin was used as a loading control and detected using primary mouse monoclonal antibody (1:4000, Sigma) and secondary anti-mouse antibody conjugated to HRP (1:10 000, Jackson ImmunoResearch laboratories).
Liquid β-galactosidase assay
The lacZ reporter gene was expressed under control of promoters of D. hansenii proteasomal genes. LacZ activity was measured as previously described (Osipov et al. 2011) .
RESULTS
DEHA2D12848g complements RPN4 deletion in Saccharomyces cerevisiae
Pairwise alignment of DhRpn4 encoded by DEHA2D12848g and ScRpn4 revealed two segments aligned locally with the highest scores ( Fig. 1) . These segments are the first 20-21 N-terminal residues that intersect with the ubiquitin-independent signal of ScRpn4 proteolysis (Ha, Ju and Xie 2012) , and the C-terminal region containing a DNA-binding domain consisting of zinc fingers. Note, that one of these zinc fingers has an unusual structure and is considered to be specific for Rpn4 orthologues (Mannhaupt and Feldmann 2007) . There are also two regions that are not aligned but are distinct because they have a high acidic amino acid residue content and are considered 'acidic domains'. In general, there is weak similarity between DhRpn4 and ScRpn4, including their N-terminal regions, where we located a transactivation domain in ScRpn4 (Karpov, Tutyaeva and Karpov 2008). Therefore, it is unclear whether DhRpn4 functions as a regulator of proteasomal genes.
To perform functional analysis of DhRpn4, we used S. cerevisiae as a host for the expression of DEHA2D12848g. DEHA2D12848g was cloned in a centromeric low-copy expression plasmid under the control of the SCRPN4 promoter (YCp36-DHRPN4, details of construction are given in Supplementary Methods). The DhRpn4 from YCp36-DHRPN4 was expressed in a mutant S. cerevisiae strain with a RPN4 deletion (rpn4-). RT-PCR confirmed the expression of DEHA2D12848g at the mRNA level ( Fig. 2A) . Note that the mRNA levels of DHRPN4 and SCRPN4 in the mutant strain are equal and 2-fold higher than the level of SCRPN4 expressed from the genome locus in the wild-type S. cerevisiae strain. This finding may be the result of a more easily activated RPN4 gene in the plasmid and/or the average plasmid copy number is slightly more than one per cell. We were unable to detect DhRpn4 protein by western blot analysis using a rabbit polyclonal anti-ScRpn4 antibody (data not shown).
Since the DNA-binding domains of ScRpn4 and DhRpn4 are highly similar, we expect that DhRpn4 can bind to ScRpn4-dependent genes. The DhRpn4 DNA-binding activity on PRE1 and MAG1 genes was assessed by using highly sensitive DamID assay that we used previously for ScRpn4 (Spasskaya, Karpov and Karpov 2011) . Our results show that the Dam-DhRpn4 activity is the same as the Dam-ScRpn4 activity on the promoters of PRE1 and MAG1 (Fig. 2B) . Note, that Rpn4 proteins interact with MAG1-associated control element (MACE)-containing (5 -GGTGGCGA-3 ) MAG1 gene weaker than with PACE-containing PRE1. This may indicate that Rpn4 proteins have lower affinity to MACE. This is in agreement with the fact that MACE can be found in the promoters of only one or two proteasomal genes in S. cerevisiae and Debaryomyces hansenii (Mannhaupt and Feldmann 2007) . So, we conclude that DhRpn4 is able to bind to genes having ScRpn4 recognition sites in their promoters.
The DhRpn4 transactivation activity was evaluated by measuring the mRNA levels of the RPT4 and PRE1 proteasomal genes and the MAG1 and RAD23 DNA-repair genes. All of these genes are ScRpn4 targets (Karpov, Tutyaeva and Karpov 2008; Karpov et al. 2013) . RPT4 encodes the ATP-ase subunit of the 19S proteasome regulatory complex and PRE1 encodes an essential structural subunit of the proteolytic 20S complex. MAG1 encodes 3-methyladenine DNA glycosylase, which initiates the base excision repair of methylated DNA (Fu, Pastushok and Xiao 2008) . RAD23 encodes an important component of nucleotide excision repair (Prakash and Prakash 2000) . Figure 2C shows that DhRpn4 restores the levels of all of the tested genes in the rpn4-mutant. Note, the average mRNA levels of the target genes are slightly higher in the mutant strain when ScRpn4 and DhRpn4 are by RT-PCR. ACT1 was used as a reference gene. The standard deviation (SD) from the mean of three independent experiments is shown. (B) DhRpn4 is recruited to the promoters of the PRE1 and MAG1 genes. Activity of Escherichia coli Dam fused to Rpn4 proteins was measured in rpn4-strain as described in Spasskaya, Karpov and Karpov (2011) . Normalised activity of chimeric proteins on the ADH1 promoter was used as a negative control and was arbitrarily set to 1. The standard deviation (SD) from the mean of three independent experiments is shown. (C) DhRpn4 activates the transcription of proteasomal genes. mRNA levels of RPT4 and PRE1 in the rpn4-strain expressing DhRpn4 were measured by RT-PCR and normalised to ACT1. Error bars are the SD from the mean of three independent experiments. (D) DhRpn4 restores the resistance of the rpn4-strain to stress. Ten-fold serial dilutions of yeast transformant cultures were spotted on SM agar containing chemical stress agents and incubated at 30
• C for 3 days. To induce stress at high temperatures, plates were incubated at 39
• C for 5 days. Cycloheximide (CHX) was added at 50 ng/ml, cadmium acetate (Cd 2+ ) was added at 50 ng/ml, MMS was added at 0.01%, L-canavanine (CAN) was added at 0.5 μg/ml. The control plate was incubated at 30
• C for 3 days with no stress agent added. (E) DhRpn4 decreases the level of polyubiquitinated proteins in the rpn4-strain under heat shock. Cells in the exponential growth phase are heated to 39
• C for 2.5 h. Polyubiquitinated proteins were detected using western blot analysis. Representative results are shown. (F) Quantification of western blot results on measuring of polyubiquitinated proteins levels. Developed films were scanned and the signal was quantified using ImageJ (http://imagej.net). The standard deviation (SD) from the mean of three independent experiments is shown. Statistical significance was calculated using Student two-tailed t-test for comparing two independent means. NS, non-significant difference, * * means that P-value is between 0.01 and 0.005, * * * means that P-value is between 0.005 and 0.001.
expressed from plasmids. These results are consistent with the higher mRNA levels of the RPN4-genes from the plasmids. Furthermore, the mRNA levels of all of the tested genes in the rpn4-strain expressing DhRpn4 or ScRpn4 are essentially the same (Fig. 2C) . These results indicate that DhRpn4 may act as a transcriptional activator for proteasomal and DNA-repair genes.
It has been well established that ScRpn4 provides resistance to various stress conditions (Owsianik, Balzil and Ghislain 2002; London et al. 2004; Wang et al. 2008; Karpov et al. 2013) . The stress resistance test (Fig. 2D) shows that expression of DhRpn4 in the rpn4-strain also provides resistance to various proteotoxic and genotoxic agents. Strains producing ScRpn4 and DhRpn4 from plasmids have an increased resistance to cadmium and methyl methanesulfonate (MMS). This finding is consistent with the increased activity of these proteins (Fig. 2C) .
If DhRpn4 restores the mRNA levels of proteasomal genes and the ability of the rpn4-strain to survive proteotoxic stress, then we predict that proteasome activity is also enhanced in the mutant strain expressing the DhRpn4 gene. To assess proteasome activity, we measured the level of polyubiquitinated proteins, which is negatively correlated with the proteasome activity level ( Fig. 2E and F) . Indeed, our results show that under heat shock the rpn4-strain accumulates polyubiquitinated proteins, while no accumulation is seen in the wild-type strain or mutant strain expressing either ScRpn4 or DhRpn4. These data suggest that proteasome activity is restored in the rpn4-strain expressing DhRpn4.
Therefore, DhRpn4 as a product of DEHA2D12848g expression complements SCRPN4 deletion.
DhRpn4-dependent activation of Saccharomyces cerevisiae proteasomal genes requires PACE
The high similarity shared between the DNA-binding domains of DhRpn4 and ScRpn4 and the identical recognising amino acids of the zinc fingers (Fig. 1) indicate that DhRpn4 may activate the expression of proteasomal genes in S. cerevisiae by interacting with PACE. However, there are no canonical PACEs in the promoters of D. hansenii proteasomal genes (Mannhaupt and Feldmann 2007) . To investigate whether DhRpn4 interacts with PACE in S. cerevisiae, we measured the mRNA level of PRE1 in the YPL mutant expressing DHRPN4. In this mutant strain, PACE is substituted with a PstI site in the PRE1 promoter (Karpov et al. 2013) . Our results show that DhRpn4 is unable to activate transcription of PACE-less PRE1 (Fig. 3A) and accordingly, does not restore the resistance of the YPL strain to proteotoxic stress (Fig. 3B) . Therefore, PACE is required for DhRpn4 to activate transcription of proteasomal genes in S. cerevisiae.
DhRpn4 activates lacZ expression from DhPRE2 and DhRPT4 promoters
Debaryomyces hansenii proteasomal genes that are orthologous to S. cerevisiae PRE2 and RPT4 were identified previously (Dujon et al. 2004) . Promoters of these genes contain PACE-like elements 5 -AGTGGCAAA-3 and 5 -GGTGGCAAG3 respectively (Mannhaupt and Feldmann 2007) . To show the ability of DhRpn4 to regulate proteasomal genes from the host yeast, we constructed two reporter plasmids with DHPRE2 and DHRPT4 promoters that together with 5 region of respective open reading frame (ORFs) were fused in frame with LacZ gene. Reporter constructs together with the plasmid expressing DhRpn4 were cotransformed into rpn4-strain to exclude ScRpn4 influence on DhRpn4 is unable to activate PRE1 transcription from a PACE-less promoter in the YPL strain. The PRE1 mRNA level in the YPL strain expressing DhRpn4 was measured by RT-PCR and normalised to ACT1. Error bars are SD from the mean of three independent experiments. Statistical significance was calculated using Student two-tailed t-test for comparing two independent means. * * * is for Pvalue between 0.005 and 0.001. (B) DhRpn4 fails to restore the resistance of the YPL strain to proteotoxic stress.
activity of reporters. In control, yeasts were cotransformed with empty vector. Data on measurements of LacZ activity (Fig. 4A) show that DhRpn4 activates expression from promoters of D. hansenii proteasomal genes. These results suggest that DhRpn4 is an activator for the proteasomal genes in expression system of S. cerevisiae.
DhRpn4 activates expression of Debaryomyces hansenii proteasomal genes upon overexpression
Our results described above show that DhRpn4 activates transcription of proteasomal genes in heterologous expression system of S. cerevisiae. To show that DhRpn4 is an activator for proteasomal genes in the host yeasts, we overexpress it in the D. hansenii DBH9 strain from the expression plasmid pDHRPN4 (see Supplementary Methods) derived from pDH4 (Minhas, Biswas and Mondal 2009) . DHRPN4 expression was driven from sodium chloride inducible promoter of DHGDP1 (Maggi and Govind 2004) . DBH9 strain was electroporated with empty vector pDH4 and DhRpn4 expressing plasmid pDHRPN4 and transformants were grown on selective media lacking histidine. mRNA levels of proteasomal genes relative to DHACT1 were measured before the addition of NaCl and in 1.5 hours after the addition of NaCl to final concentration of 1 M in the culture media. Indeed, expression levels of DHPRE1, DHPRE2, DHRPT4 and DHRPT6 are increased in response to DHRPN4 overexpression (Fig. 4B) . Our results show that DhRpn4 acts as an activator for proteasomal genes in D. hansenii. Additionally, we derived concensus sequence of the DhRpn4-binding site using data from (Mannhaupt hansenii. mRNA levels of proteasomal genes were measured before and in 1.5 h after the addition of NaCl to final concentration of 1 M. Then mRNA levels of proteasomal genes in strain transformed with pDHRPN4 were normalised to their levels in the strain with empty vector pDH4. Relative expression levels of proteasomal genes in the DBH9 strain before addition of NaCl were arbitrary set to 1. Error bars are SD from the mean of three independent experiments. (C) Logo of the consensus sequence for DhRpn4-binding site. The logo was created using WebLogo server (Crooks et al. 2004 ) and data from (Mannhaupt and Feldmann 2007) . Statistical significance was calculated using Student two-tailed t-test for comparing two independent means. * * means that P-value is between 0.01 and 0.005, * * * means that P-value is between 0.005 and 0.001.
and Feldmann 2007). The resulting consensus 5 -RRTGGCRAN-3 also includes PACE and MACE elements of S. cerevisiae proteasomal genes (Fig. 4C ).
DhRpn4 fragment 1-238 aa contains a portable transactivation domain
We show that DhRpn4 can act as a transcription activator both in S. cerevisiae and D. hansenii. Therefore, it should contain a transactivation domain. Earlier, we mapped a major transactivation domain in the 1-210 aa segment of ScRpn4 (Karpov, Tutyaeva and Karpov 2008) . This segment is the region from the first amino-terminal residue to the first residue of the N-terminal acidic domain. Even though the corresponding 1-238 aa segment of DhRpn4 shares insignificant similarity with ScRpn4, we speculated that it might contain a transactivation domain. To determine if a transactivation domain resides in this region, we measured the activity of a mutant DhRpn4 that lacks the 1-238 aa segment ( N-DhRpn4) in S. cerevisiae. Figure 5A shows that a 1-238 aa deletion abolishes the transactivation activity of NDhRpn4, and accordingly, the mutant protein is unable to restore the resistance of the rpn4-strain to stress (Fig. 5B) .
Deletion of approximately half of a protein may inactivate it for other reasons, e.g. inhibit transport to the nucleus or inhibited binding to DNA. To confirm that the 1-238 aa segment contains a transactivation domain, we measured the activity of the chimeric protein N-DH-C-SC that consists of the 1-238 aa region of DhRpn4 fused to the 211-531 aa region of ScRpn4, which lacks transactivation activity but localises to the nucleus (Ju et al. 2009) and binds to the promoters of proteasomal genes in vivo (Karpov, Tutyaeva and Karpov 2008) . Our results show that fusion protein activates transcription of proteasomal genes (Fig. 6A ) and provides resistance to stress (Fig. 6B) . Therefore, we conclude that the 1-238 aa fragment of DhRpn4 contains a transactivation domain.
1-42 aa fragment is dispensable for N-DH-C-SC transactivation activity
The 1-238 aa fragment of DhRpn4 only shares significant similarity with the 1-209 aa fragment of ScRpn4 in the 21 aa Nterminal fragment (Fig. 1) . To determine whether this region together with the adjacent sequence contributes to the transactivation activity of N-DH-C-SC in S. cerevisiae, we deleted the 5 -region of the N-DH-C-SC gene encoding the first 42 N-terminal residues and measured the activity of the truncated chimeric protein ( N42-DH-C-SC). Our results show that N42-DH-C-SC is as active as N-DH-C-SC ( Fig. 7A and B) , which suggests that the 1-42 fragment is not involved in the transactivation activity of DhRpn4. Therefore, the remaining 43-238 aa fragment of DhRpn4 possesses a transactivation function, and it shares no significant similarity with the N-terminal region of ScRpn4.
DISCUSSION
We found that DEHA2D12848g, encoding a Debaryomyces hansenii Rpn4 orthologue, complements RPN4 deletion in Saccharomyces somal genes. The mRNA levels of RPT4 and PRE1 in the rpn4-strain expressing N-DH-C-SC were measured by RT-PCR and normalised to ACT1. Error bars are SD from the mean of three independent experiments. Statistical significance was calculated using Student two-tailed t-test for comparing two independent means. NS, non-significant difference, * * means that P-value is between 0.01 and 0.005, * * * means that P-value is between 0.005 and 0.001. (B) The N-DH-C-SC chimera provides resistance to stress in the rpn4-strain.
cerevisiae and increases expression levels of proteasomal genes in D. hansenii. DhRpn4 activates the transcription of proteasomal genes using PACE. The 43-238 aa segment of DhRpn4 contains a unique portable transactivation domain. These data suggest that DhRpn4 acts as a transcriptional activator for proteasomal genes.
Very few studies have characterised Rpn4-like proteins. So, in vitro studies show that an ScRpn4 orthologue from Candida albicans (CaRpn4) and an Rpn4-like protein from Neurospora crassa can bind PACE (Gasch et al. 2004) . It has been shown that the expression levels of the genes encoding CaRpn4 and CgRpn4 (Rpn4 orthologue from C. glabrata) increase in response to stress The mRNA levels were measured relative to ACT1. Error bars are SD from the mean of three independent experiments. Statistical significance was calculated using Student two-tailed t-test for comparing two independent means. * * * means that P-value is between 0.005 and 0.001. (B) N42-DH-C-SC provides resistance to stress in the rpn4-strain.
conditions (Enjalbert et al. 2006; Vermitsky et al. 2006) , and Rsv2, an Rpn4-like protein of Schizosaccharomyces pombe, activates a number of genes involved in an antistress response (Mata, Wilbrey and Bähler 2007) . Recently, we showed that RPN4 orthologues from Yarrowia lipolytica and Komagataella phaffii restore mRNA level of proteasomal genes and resistance to stress conditions in the rpn4-strain (Grineva et al. 2015) . However, no data have been reported that suggest that these proteins directly regulate the transcription of proteasomal or other stress responsive genes. The results from our study indicate that the Rpn4-like protein from D. hansenii regulates the transcription of proteasomal and DNA-repair genes via PACE or a PACE-like element in their promoters. This conclusion is consistent with the high similarity in the DNA-binding domains and the identity of recognising amino acids in DhRpn4 and ScRpn4. It is known that amino acid sequences adjacent to recognising amino acids can affect specificity and affinity of zinc fingers to DNA elements (Wolfe, Nekludova and Pabo 2000) . Since Rpn4 is highly evolving protein, its activity and DNA-binding affinity to promoters of proteasomal genes may be adjusted to meet the requirements in the proteasome activity of a particular yeast in a given environment. It is tempting to speculate that affinity of DhRpn4 to PACE might be lower than that for PACE-like elements in the promoters of D. hansenii proteasomal genes. However, in vitro studies for CaRpn4 which DNA binding domain is almost identical to that of DhRpn4 (Mannhaupt and Feldmann 2007; Supplementary Methods) showed that it has lower affinity for characteristic host elements found in the promoters of proteasomal genes (5 -GAAGGCAAA-3 and 5 -AGTGGCAAC-3 ) than for PACE (5 -GGTGGCAAA-3 ) (Gasch et al. 2004) . Such unexpected results might indicate adaptation of the CaRpn4 and DhRpn4-mediated regulatory network to the environment and, compared to S. cerevisiae, might provide decreased proteasome activity that, in turn, via stabilisation of the host Rpn4 protein might lead to increased activity of non-proteasomal genes.
We also show that the N-terminus of ScRpn4 can be replaced by the N-terminus of DhRpn4 to create an active chimeric transcription factor even though there is no similarity between these domains and neither of these domains is enriched in the amino acid residues that are characteristic of some types of transactivation domains. A common feature of the N-terminal domains of the DhRpn4 and ScRpn4 proteins is the presence of unstructured regions (Fig. S1, Supporting Information) . Unstructured regions may be recognised and bound by the 19S proteasome complex (Zhao et al. 2010) . Indeed, the known interaction between ScRpn4 and a proteasome (Fujimoro et al. 1998 ) may involve specific subunits of the 19S regulatory complex and the N-terminus of ScRpn4 (Ha, Ju and Xie 2012) . It has been shown that the 19S complex or its subunits can be recruited to transcriptionally active genes under normal (Geng and Tansey 2012) or stress (Sulahian, Stephen Albert Johnston and Kodadek 2006) conditions and are required for activation of the genes. Based on these findings, we speculate that the transcription activation domains of ScRpn4 and Rpn4-like proteins may function by recruiting proteasome complexes to the promoters of target genes. Further studies are required to test this proposal.
